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The secondary-beam facility of GSI provided the technical equipment for a new kind of
fission experiment. Fission properties of short-lived neutron-deficient nuclel have been inves-
tigated in inverse kinematics. The measured element distributions reveal new kinds of sys-
tematics on shell structure and even-odd effects and lead to an improved understanding of
structure effects in nuclear fission. The relevance of these studies for some presently consid-
ered applications is described. Prospects for future experiments are discussed.
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1. INTRODUCTION

Nuclear fission is one of the most intensively studied types of nuclear reaction [1, 2], but
still the experimental knowledge is rather incomplete. In the last three years, imfgéﬁnt pro-
gress has been achieved on this field by use of the new experimental facilities of In the
present contribution, an overview on these new resultsis given.

Low-energy fission is a nuclear reaction at the extremes. But unlike many other studies,
which try to reach the highest temperatures in nuclear systems, fission may start at zero tem-
perature. It is a dramatic reordering of cold nuclear matter. It may start in the ground state as
spontaneous fission and proceed by tunnelling through the fission barrier. Even when starting
from excitation energies close to the fission barrier, the system has to pass through cold
transition states at the barrier. Fission offers unique conditions to study the interplay of
nuclear structure and dynamics, phenomena of nuclear structure at extreme deformation and
the onset of dissipation in cold nuclei.

The fission process yields many observables. We will mainly concentrate on the fission-
fragment distributionsin Z and A and their kinetic energies. The understanding of the nuclide
production in fission has acquired a renewed interest since its application for the production
of neutron-rich secondary beams in next-generation secondary-beam facilities is intensively



discussed. This knowledge is also required for designing devices for the incineration of nu-
clear waste.

Fission-fragment distributions show two kinds of structure effects. One is caused by shell
structure, the other one is related to the pairing correlations. When we consider that the addi-
tional binding energy due to shell and pairing effects amounts to a few per mill of the total
binding energy of a heavy nucleus, these structure effects are strongly amplified in the fission
process. In the following, we will shortly summarise the actual experimental situation and the
present understanding of these pronounced structure effectsin fission.

2. PREVIOUS KNOWLEDGE

All nuclei investigated from about ?Th to “°Fm were found to fission into fragments with
strongly different mass. Symmetric fission is strongly suppressed. The mean mass of the
heavy component is ailmost stationary. Obviously, shell effects in the heavy fragment control
this asymmetric fission. The most important shells are considered to be the spherical N=82
shell and a shell at N=90 at large deformation (5<0.6) [3].

But the asymmetric fission dies out on both extremes of the mass range. There is a dra-
matic change of the mass distribution to a narrow sifjgle-humped distribution found in **Fm
[4]. This is explained by the formation of two spherical nuclei close to the doubly magic
%°5n. Selected nuclei in this range are accessible to experiment because they decay by spon-
Eneous fission. But also at the lower end one observes single-humped distributions, e.g. for
213 c. However, these are much broader. A few mass distributions from low excitation ener-
gies could be measured by use of radioactive targets “°Ra and %’Ac (see e.g. [5]). Some nu-
clei in the suspected transition region between ?>Ac and **At have been produced with exci-
tation energies around 30 MeV by fusion reactions [6, 7, 8].

In total, mass distributions have been measured for only 78 nuclei. Element distributions
are a more direct signature of fission, because thely]dr§ hot modified by neutron evaporation
from the excited fission fragments. They are measured with good resolution by in-flight
methods for 9 fissioning nuclei only. Most of the research activity on nuclear fission has con-
centrated on a few nuclei, e.g. on “*U and *°Py, to produce a tremendous amount of high-
precision data necessary for the technical applications in nuclear reactors or in nuclear weap-
ons. It is clear that, from a scientific point of view, the knowledge on nuclear fission is still
rather scarce.

3. THE SECONDARY-BEAM EXPERIMENT

In a conventional fission experiment, a target nucleus is excited. The fission fragments
reach the detectors with a kinetic energy given by the fission process. The available target
materials limit the experiments on low-energy fission to arelatively small number of systems.
Up to recently, spontaneous fission offered the only possibility to overcome this limitation for
some very heavy nuclei which can be produced e.g. by heavy-ion fusion reactions.

The secondary-beam facility of GSI allows now becoming independent of available target
nuclides. By fragmentation of a **U beam at 1 A GeV, many short-lived radioactive nuclei
are produced. After isotopic separation in the fragment separator, severa hundred fissile nu-
clei are available for nuclear-fission studies [9,10,11].
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The experiment consists of two parts. First, the secondary beam needs to be prepared and
identified in mass and nuclear charge with the Fragment Separator FRS. Secondly, a dedi-
cated set up is used to study fission in flight, i.e. in inverse kinematics. The whole experimen-
tal technique is described in detail in Ref. [12]. Fission is induced by Coulomb excitation of
the secondary beam in the electromagnetic field of a high-Z target nucleus. The energy-loss
values and the velocity vectors of both fissionjfragments are measured, and the element distri-
butions and the mean total kinetic energies are deduced.

3.1. Experimental setup

The experimental set up isshown in Fig. 1. It consists of a scintillator, the active secondary
lead target, a subdivided double scintillator, a twin multi-sampling ionisation chamber (twin
MUSIC), and a time-of-flight scintillator wall. The first scintillator provides position and
time-of-flight information of the secondary beam. The active secondary target contains 5 lead
foils with a total area density of 3 g/cm* which make up a subdivided ionisation chamber.
From the energy losses in the different sections, the foil in which fission occurred can be de-
duced, because the energy loss for two fission fragments is roughly only half the energy loss
of the secondary projectiles before fission. With that information, fission originating from
other layers of matter can efficiently be suppressed. The double scintillator acts as afast trig-
ger for fission events by requiring a coincidence of signals in the upper and lower detector.
The twin MUSIC records the energy-loss signals of both fission fragments separately. In addi-
tion, it provides position information in vertical direction by means of the drift time of the
electrons and in the horizontal direction by the pulse-height ratio of the diagonally subdivided
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Fig. 1. Schematical drawing of the set up for the fission experiment with secondary beams.

The time of flight is measured by the first scintillator and the time-of-flight wall in order to
determine the total kinetic energies and also to correct for the velocity dependence of the en-
ergy lossin the MUSIC to deduce the nuclear charges of the fission products.

In Fig. 2, the measured Z-response spectrum of fission fragments from electromagnetic-
induced fission of **Th is shown. Due to the high beam energy of typically 500 A MeV, all
fission fragments are fully stripped, and a measurement of the energy loss allows to determine
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the nuclear charge with high resolution. Furthermore they are emitted inside a narrow conein
forward direction with an opening angle of about 60 mrad with respect to the primary-beam
direction. The detectors were designed to accept al fission fragments produced in the active
target and the first scintillator. The detection efficiency amounted to 81%.

The success of a secondary-beam experiment relies on an efficient use of the limited beam
intensity. Since two consecutive reactions are involved here, thisis much more crucial thanin
a primary-beam experiment. In order to get a high ratio of detected secondary-reaction prod-
ucts to incoming primary projectiles, every link in the experimental chain needs to be opti-
mised. In our fission experiment, this figure of merit amounted to 3.2x10°®. Several conditions
contribute to the efficient use of the available beam:

1. The magnitudes of the cross sections are all-important, as well for the production of the

secondary beam as for the secondary reaction (i.e. fission after electromagnetic excita-

tion).

Thetarget area densities need to be very large.

High transport efficiencies of the secondary beam and the reaction products and high de-

tection efficiency of the reaction products.

4. The large acceptance of the fragment separator which allowed to investigate 20 isotopesin
one setting.

In al these points, the primary beam energy of 1 A GeV has a decisive influence: The cross
section for electromagnetic excitation is strongly energy dependent, the usable target thick-
ness depends directly on it, and it also ensures a high transport efficiency of the ions and al-
lows to transmit 20 isotopes in one setting. The high beam energy is mandatory for the ion-
optical separation of the heavy secondary projectiles, avoiding ambiguities and losses due to
different ionic charge states that would occur at lower energies.
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Fig. 2: Measured element distribution of the fission products of “°Th after electromagnetic
excitation, deduced from the signals of the twin MUSIC.
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3.2 Analysis

To extract fission-fragment element distributions after electromagnetic-induced fission,
fission events originating from nuclear interactions with lead nuclei have to be suppressed.
Fission in the first scintillator (CgHi0)n is mainly induced by nuclear interactions, while in
lead both electromagnetic excitations and nuclear reactions occur. Electromagnetic excitation
preserves the number of protons in the secondary projectile, most nuclear reactions do not.
With the good nuclear-charge resolution, see Fig. 2, we can reconstruct the charge of the fis-
sioning nucleus by summing up the charges of the fission fragments.



By imposing the condition that the charge sum of the fission fragments equals the nuclear
charge of the secondary projectiles, electromagnetic-induced fission can be highly enriched
event-by-event. A small contribution from fission events, in which only neutrons were re-
moved in the nuclear reaction can be subtracted if one assumes that it is identical to the ap-
propriately weighted nuclear-charge spectrum originating from nuclear-induced fission in the
scintillator, also accumulated under the condition that the sum of both fission-fragment
charges equals the charge of the secondary projectiles. The details of this procedure are de-
scribed in Ref. [12]. The condition on the charge-sum spectrum of the fission fragments also
eliminates most eyents, which suffer from secondary reactions in the different layers of matter
in the beam linelLAll events where the secondary beam |ooses protons upstream the secondary
target are suppressed, and also reactions in which the fission fragments loose protons down-
stream the target are sorted out.

By summing up the counts in the peaks in the charge spectrum of the fission fragments af-
ter electromagnetic excitation measured by the twin MUSIC, the element distributions of the
fission products could be determined. The total kinetic energy of the fission fragments was
deduced from their velocity vectors, transformed into the centre-of-mass frame of the fission-
ing secondary projectile.

3.3 Excitation energies induced in the el ectromagnetic excitation

The electromagnetic field of alead target nucleus as seen by the secondary projectiles can
be formulated as a flux of equivalent photons according to Ref. [13]. At relativistic energies
as employed here, the spectrum is hard enough to excite giant resonances in the secondary
projectiles. With the calculated equivalent photon spectrum arld the systematics of the photo-
absorption cross sections, one can calculate the energy-differential cross section for electro-
magnetic excitation. This is one of the most important ingredients of the experiment, since it
is important to have a sufficiently high excitation cross section to cope with the limited sec-
ondary- beam intensities. Although the excitation energy in every single event is not known
precisely here, the excitation-energy distribution can be determined rather well on theoretical
considerations, which are described in Ref. [12] and references therein.

The excitation-energy distributions of the investigated systems are all rather similar to each
other in spite of the dlight mass dependente-of the resonance energies and the deformation-
dependent splitting of the GDR. They peak at 11 MeV, and the high-energy part of the photo-
absorption cross section is strongly suppressed, because the equivalent photon spectrum is
steeply decreasing with energy. Therefore, the drastic variations of the structural effects found
in the different systems as presented below cannot be explained by variations in the excita-
tion-energy distribution. Excitations that exceed the fission barrier may lead to fission. How-
ever, also neutron evaporation has to be considered as the most important competing deexcita-
tion channel. Its competition determines the fission probability as a function of energy, and it
populates neighbouring nuclel at lower excitation energies which may aso contribute to fis-
sion.

In the case of e.g. 2*U, fission events induced by electromagnetic excitations are com-
posed of about 80% first-chance fission (***U) 15% second-chance fission (**U) and a small
fraction of higher-chance fission (mostly 2*U). The conditions for other secondary beams are
expected to be similar. The measured fission probabilities always represent a mixture of about
3 isotopes, with first-chance fission dominating.



4. EXPERIMENTAL RESULTS

The data acquired in the secondary-beam experiment alow for the first time to systemati-
cally analyse the fission properties of nuclel in a continuously covered region on the chart of
the nuclides. Figs. 3 and 4 show the elemental yields and the total kinetic energies after elec-
tromagnetic-induced fission, covering the transition from a single-humped element distribu-
tion at ?!Ac to a double-humped element distribution at *U. In the transitional region,
around %'Th, triple-humped distributions appear, demonstrating comparable weights for
asymmetric and symmetric fission.

An important parameter deduced from the data is the mean position of the heavy fission-
fragment component shown in Fig. 5. From previously measured mass distributions, a
roughly constant position of the heavy fission component in mass number had been deduced
[14]. Due to the long isotopic chains investigated and the high precision of the data, we obtain
a much more comprehensive view. It becomes very clear that the position of the heavy com-
@ent is amost constant in atomic number Z = 54 and moves considerably in neutron num-
ber. This also means that the position accordingly moves in mass number. It is not expected
that any polarisation in N/Z, which is neglected here due to the UCD (unchanged charge den-
sity) assumption, can explain the variation of five units in neutron number. Thisis a surpris-
ing result, since the asymmetric fission component is usually traced back to the influence of
neutron shells in the heavy component (e. g. [3]). This remarkable finding puts an important
constraint on the theoretical understanding of the fission process. It may indicate that the shell
effects in proton number play a more importantirole in asymmetric fission than thought previ-
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Fig. 3: Measured fission-fragment element distributions in the range Z = 24 to Z = 65 after
electromagnetic excitation of 28 secondary beams between ***Ac and ***U are shown on a
chart of the nuclides.

5. SIGNATURES OF SHELL EFFECTSIN FISSION
According to the present understanding of the fission process, the different components

which appear in the yields and in the kinetic-energy distributions of the fission fragments are
attributed to fission channels[15, 16, 17, 18] which are assigned to valleys in the potential-
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Fig. 4. Measured mean total kinetic energies as a function of the fission-fragment nuclear
charge in the range Z = 31 to Z = 59 after electromagnetic excitation of 21 secondary beams
between “*Ac and ?*U are shown on a chart of the nuclides.
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Fig. 5: Mean position of the heavy asymmetric component in nuclear-charge number Zy (up-
per part) and neutron number Ny (lower part). While the charge number was measured, the
neutron number was estimated by the UCD assumption: Ny=ZyXNcn/Zen.

energy surface of the highly deformed system due to shell effects. Since it is not well under-
stood, how the yields of the different fission channels are determined in the dynamic evolu-
tion of the fissioning system, it has become a standard to determine the parameters of the fis-
sion channels from afit to the data by assuming that each of the independent fission channels
is characterised by a Gaussian-like peak in the mass or element distribution and a specific
elongation of the scission configuration which determines the total kinetic energy.
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Fig. 6 shows the result of afit to six selected systems, covering the transition from asym-
metric fission to symmetric fission. Obviously, the measured data can well be represented by
the superposition of three independent fission channels. A detailed comparison of the parame-
ters of the fission channels determined here with those deduced previously for other fissioning
systems goes beyond the scope of the present paper. We just mention that the systematic
trends of the present data fit in rather nicely with the previous knowledge, except that the scis-
sion-point configuration of the “super-long” channel becomes more compact with decreasing
mass number of the fissioning nucleus.

The theoretical work on structure effects in fission presently concentrates on the most real-
istic description of the shape-dependent potential-energy surface (e.g. Refs. [19, 20]). The
results look complicated, and the minimisation with respect to higher-order shape distortions
introduces hidden discontinuities. These discontinuities make it even more to per-
form full dynamical calculations in order to obtain quantitative predictions of the isotopic
distributions of fission fragments. Up to now, these calculations rather serve as a guide to
gualitatively relate the structures in the data to those in the potential-energy landscape.

Since theory cannot yet provide us with a quantitative prediction, we tried to understand
the data with a semi-empirical approach. The basic idea of our approach has been inspired by
considerations of Itkis et al. [21]. We consider the fission barrier under the condition of a cer-
tain mass asymmetry. The height of the fission barrier V(A) is calculated as the sum of alig-
uid-drop barrier and two shells. The liquid-drop barrier is minimum at symmetry and grows
quadratically as a function of mass asymmetry. The shell effects appear at N=82 and N=90. A
more detailed description of the model is given in Ref. [22]. This picture provides us with an
explanation for the predominance of asymmetric fission of the actinides. In ***U like in most
of the actinides, the lowest fission barrier appears f@symmetric mass splits. Approaching
?'Em, the shell effects at N=82 in both fragments join, giving rise to a narrow symmetric
mass distribution. In lighter nuclei, the influence of these shells on the fission process is
weakened, because they add up to the higher liquid-drop potential at larger mass asymmetry.
In 2®ph, the fission barrier is definitely lowest for symmetric mass splits.

A more quantitative description of this schematic model is given in Fig. 7. The mass yield
Y(A) is assumed to be proportional to the phase space p(A) available above the fission barrier
at a certain mass split. Theinitial excitation energy E* above the mass-dependent barrier V(A)
is available for intrinsic excitations. The shell effect in the level density is washed out with
energy as proposed by Ignatyuk et al. [23]. The stiffness of the underlying liquid-drop poten-
tial is deduced from a systematics of the width of measured mass distributions [24]. The shells
are modelled in away that the calculated yields Y(Z) for ?'Th are reproduceh

Now the mode! is applied to other nuclei (**Ac and **Pa) without any flrther adjustment.
The shells move up and down on the liquid-drop potential just a little bit due to the shift in
neutron number of the fissioning nucleus. These tiny variations are sufficient to substantially
modify the shape of the element distribution just as much as the experimental distributions
change. This good reproduction of the data is a strong argument that this model gives the cor-
rect explanation for basic features of the transition from asymmetric to symmetric fission.

Figure 8 presents the element distributions, calculated with the same model, for al meas-
ured fissioning systems in comparison with the experimental data. There is an astonishingly
good agreement with the experimental data for the whole systematics. This success of the
very simple model might indicate that the dynamics of the fission process tends to wash out
the influence of the details of the potential-energy landscape. It isto be expected that due to
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Fig. 6: Element yields (Ieft part) and average total kinetic energies (right part) as a function of
the nuclear charge measured for fission fragments of severa fissioning nuclel after electro-
magnetic excitations. The data points are compared to the result of a simultaneous fit (full
lines) with 3 fission channels. The yields are defined as the sum, and the total kinetic energies
are defined as the mean value of the individual contributions of the different channels. The
super-long, standard | and standard 11 channels correspond to the symmetric, the inner asym-
metric and the outer asymmetric peaks (dashed lines), respectively, in the yields and to the
lower, upper and middle curve (dashed lines), respectively, in the total kinetic energies.
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Fig.7: Measured element yields compared to the model predictions (upper parts), and the
assumed variation AV of the fission barrier as a function of the nuclear charge of one fission
fragment with respect to the fission barrier for symmetric splits (lower parts).
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Fig. 8: Calculated element distributions of fission fragments from el ectromagnetic-induced
fission of 28 systems from “*Ac to ®*U.

the inertia of the collective motion the process does not feel every wiggle in the potentia en-
ergy but rather takes a smooth trajectory.
6. SSIGNATURES OF PAIRING CORRELATIONSIN NUCLEAR FISSION

Let us now address the even-odd structure found in the element distributions. From the
large number of element distributions measured in our experiment, we could deduce a few
new systematic trends. The first oneis illustrated in Fig. 9. The left upper part shows the ele-

ment distribution of *°Ac. It looks smooth at the first sight. But an expanded view on the
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wings of the distribution reveals a strong even-odd structure. With respect to a smooth distri-
bution, there is an enhanced production of even-Z elements in the light tail and an enhanced
production of odd-Z elements in the heavy tail. The local even-odd structure can quantita-
tively be determined by the logarithmic third difference J, introduced by Tracy et a. [25].
The local even-odd effect amounts to more than 20% in the wings. The same effect is found
for ?°Pa. Also al the other odd-Z fissioning systems investigated show the same feat(ire] We
conclude that the unpaired proton prefers to go to the heavy fragment which offers a larger
phase space for excited unpaired nucleons due to the larger single-particle level density. This
is an indication for the validity of the statistical model in describing the fission-fragment
even-odd structure.

The secondary-beam experiment is the first one to yield the even-odd effect for symmetric
charge splits. This alows following the variation of the even-odd effect in even-Z fissioning
systems over a large range of charge asymmetry, from symmetry to extreme asymmetry. We
observe a strong increase of the local even-odd effect in the wings of the distribution as can be
seen in Fig. 10 for ?°Th and ?*U. Also al the other even-Z fissioning systems show the same
feature. We explain thisfinding again by the larger single-particle level density in the heavier
fragment. When one proton pair is broken, the unpaired protons both prefer the heavy frag-
ment. Previoudly, an increased local even-odd effect in extremely asymmetric fission found in
25 (ni,f) was interpreted as a direct measure of the temperature at scission [26]. This inter-
pretation must be revised on the basis of our new results [27].

These new features found in the even-odd structur fission-fragment d@ butions [27],
which are not explained by any of the available modelsl[28,29], motivated us to reconsider_the
theoretical understanding of pair breaking in fission [30]. These considerations allowed ust
address along-standing puzzle, the different magnitudes ol elen-odd structures in neutron and
proton number. Fission-fragment distributions megsured at very high total kinetic energies
allow determining primary yields in proton and neutron number, since neutron evaporation is
impossible or strongly suppressed. Data of this nature only exist for afew systems, 22U (n,f),
22 (ng,f),2°Pu(nin,f), and spontaneous fission of *2Cf [31,32,33,34,35,36]. The even-odd
effect in proton number is found to be much larger than the even-odd effect in neutron num-
ber, although the even-odd structures in proton and neutfor] ngmbdr i the bihding energies
are about equal.

In the new model, the nucleus is considered as a two-component super-fluid system. If the
dissipation process from saddle to scission leads to quasi-particle excitations, still one of the
subsystems may remain completely paired. We formulated the probability Py” to preserve a
completely paired proton configuration as the probability to store all the dissipated energy in
the neutron subsystem. It is given by the partial level density of pure neutron excitations di-
vided by the total level density. The probability Pg" to preserve a completely paired neutron
configuration can be calculated in an analogous way by the partial level density of pure proton
excitations divided by the total level density. Independently of the excitation mechanism, we
assume that the quasi-particle excitations of protons and neutrons are in thermal equilibrium.

The special feature of the new model is the rigorous formulation of the density of quasi-
particle excitations on the basis of the super-fluid nuclear model in a micro-canonical ap-
proach. It is important to consider the competition between neutron- and proton-quasi-particle
excitations in the two-component nuclear system for the well-defined energy available. Statis-
tical-model considerations (e.g. by Fong [37]) or thermo-dynamical approaches (e.g. by Wil-
kins et al. [3] or Manzouranis and Nix fﬁ]) based on the macro-canonical approach lead to
fundamentally different predictions.
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Fig. 9: Measured element distributions (upper part) and deduced local even-odd effect
(lower part) after electromagnetic fission of “°Ac and “*Pa.

The result of the model is shown in Fig. 11. Due to the neutron excess in the fissioning
nuclei, Po” is much larger than Pg". In contrast to previously proposed models, this difference
is obtained naturally without any adjustable parameter.

It is not so obvious, in which way our predictions can be compared to the available ex-
perimental results, since the intrinsic excitation energy at scission cannot be measured.. Only
data at very high fission-fragment kinetic energies are suited, where neutron evaporation is
inhibited. The difference of the measured total kinetic energy (TKE) of the fragments from
the Q values, denoted as total excitation energy (TXE), which is used as an ordering parame-
ter in refs. [35,36,38] is certainly not a good measure for the excitation energy at scission,
because this value fluctuates strongly with the partition of nucleons for similar pre-scission
configuratidnb] Tdntdtively, we compare the predicted Po" and P, values with the even-odd
effect observed at constant TXE, averaged over the even-odd structure as discussed in ref.
[31]. In some approximation, a constant averaged TXE corresponds to a constant kinetic en-
ergy of the light fission fragment (see e.g. [34]). (We assume here that there is no direct cou-

g between pre-scission kinetic energy and pair breaking.)

When the measured even-odd effects in proton number of *U(ny.,f), Z°U(ni,f), and
29pu(ne, f), are taken to determine the excitation energy at scission, the resulting even-odd
effects in neutron number coincide rather well with the theoretical curve. Also for the sponta-
neous fission of ?*’Cf, the even-odd structure in proton number is much stronger than that in
neutron number, although the even-odd effect in neutron number is even smaller than ex-
pected by the model. Comparing our model with the measured proton even-odd effect, the
TXE values between 7 and 15 MeV correspond to excitation energies at scission between 5
and 7 MeV. The difference could be attributed to deformation energy at scission which de-
creases at high TKE as expected due to the more compact scission configuration. A compari-
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son with data of other systems which are given as a function of TXE of the specific splits
[35,36] is beyond the scope of this paper. We conclude that the large difference found in the
even-odd structure in proton and neutron number finds at least its qualitative explanation in
fhefrdme of the statistical mode!, provided the available phase space is rigorously calculated.
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Fig. 10: Measured element distributions (upper part) and deduced local even-odd effect (lower
part) after el ectromagnetic fission of ?°Th and “*U.
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Fig. 11: Calculated surviva probabilities of the completely paired proton and neutron con-
figurations as a function of excitation energy at scission (left scale) and experimental data on
the proton (full symbols) and neutron (open symbols) global even-odd effects at high kinetic
energies of the light fragments (right scale) for the fissioning nuclei ?*U (Eyin = 111 MeV)
[31] as circles, 2°U (Eyin=108 MeV) [32] as squares, and 2*Pu (Eyin = 111 MeV) [33] as tri-
angles. In addition, the global even-odd effects for protons ([J) and neutrons (+) at bins of

korstant TXE (around 7, 9, 11, 13 anfi 15 MeV) are shown for spontaneous fissi¢r] of *°Cf
[34].
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7. APPLICATIONS

Recently, two fields for the application of nuclear fission have attracted much interest: the
production of medium-mass neutron-rich nuclides for fundamental research and the incinera
tion of minor actinides produced in nuclear reactors. Both applications require a precise
knowledge of the properties of the residues produced in the fission of non-stable heavy nuclei.
The experimental technique and the results presented in this work are highly relevant for
those investigations.

7.1 Production of medium-mass neutron-rich nuclides

Fission is a widely used process to produce neutron-rich nuclei by irradiating a fissile tar-
get, with neutrons from a neutron source or with high-energy protons in an ISOL system. In
an ISOL system the neutron-rich nuclei have to be extracted out of the target and re-ionised,
which relies on the chemical volatility of the elements in question and restricts the accessible
range in atomic number and half-life. In low-energy neutron-induced fission, the distribution
of neutron-rich nuclei is given by the distribution of fission fragments of the compound nu-
cleus after neutron capture. Fission of relativistic 22U projectiles in a beryllium target [39]
has proven to be very useful in the production of exotic nuclei, e.g. the doubly magic_'°Ni
was produced using this technique. As thisis fission in flight, there is no dependence he
chemical properties of the elements involved, and the separation time is smaller than 10° sec-
onds, so even very short-lived isotopes can be studied.

Fission and fragmentation of a relativistic 22U beam is a complex reaction, where not only
the projectile nucleus may undergo fission, but also a distribution of highly-excited interme-
diate prefragments. Thus, the resulting distribution of fission fragmentsis substantially differ-
ent from low-energy fission of a single nucleus. The nuclei contributing to fission are just the
nuclei whose properties have been studied in our secondary-beam experiment. The semi-
empirical fission model of Ref. [22] discussed in section 5.2 is very well suited to describe the
fission properties of these nuclei and can therefore be used to make realistic predictions for
the production cross sections otic nuclei, which are key quantities in the design of the
next generation exotic-beam facilities. The fission model has been used together with the
Abrasion-Ablation Model ABRABLA, Ref.[40, 41], to describe projectile fragmentation of
heavy, fissile nuclei.

Fission and fragmentation of 22U in alehdtarget has been studied in great detail [42] be-
tween vanadium (Z=23) and rhenium (Z=75). There, both fission after electromagnetic excita-
tion and nuclear-induced fission are preeminent. More than 600 nuclide cross sectio@or
fragmentation and for fission have been measured. These data show the characteristics of the
reactions contributing to the production of exotic nuclei:

1. Electromagnetic-induced fission, which is mainly fission of the projectile nucleus at low
excitation energy around 11 MeV.

2. Nuclear-induced fission of neutron-deficient actinides lighter than 2*®U. The excitation-
energy range of fission is rather broad, and the number of fissioning nuclei islarge.

3. Deexcitation of the projectile prefragments by evaporation of neutrons and charged parti-
cles. The residues populate an extended range due to the large fluctuations in excitation
energy and N/Z ratio. The main production lies on the neutron-deficient side of 3 stability.

Neutron-rich heavy nuclei can be produced in a specia class of reactions, the cold-
fragmentation reaction. At the extreme, the projectile may loose only protons without intro-
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ducing excitation energies above the neutron separation energy. Up to now, the 5-proton re-
moval channel could be observed in the reaction ’Au (950 A MeV) + Be [43].

The upper part of Fig. 12 contains the measured production cross sections on a chart of the
nuclides. One can clearly see the double-humped structure of the Iigd heavy fission
fragments from electromagnetic-induced fission of ?*U and the corridor of evaporation resi-
dues on the left side of the stable nuclides. In addition, fission from higher excitation energies
leads to nuclei close to (3 stability. By measuring the velocity distribution, fragments from
fission and fragmentation can be separated kinematically, see Ref. [42].

N —

Fig. 12. Measured [42] (upper part) and calculated [22] (lower part) nuclide distribution, pro-
duced in the reaction 22U (1 A GeV) +?®Pb in the range from 0.01 mb to 100 mb.

The lower part shows the calculated yields on the same scale using ABRABLA including
the fission model. The simulation extends to lower cross sections than the experiment. In gen-
eral, the agreement between data and calculation is better than a factor of 2, therefore it is
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possible to estimate production rates for future facilities with these calculations. An overview
on the nuclide production in other systems measured in inverse kinematics and some general
considerations on the production of secondary beams can be found in Refs. [44, 45]. The
choice of the optimal production method and the target and projectile combination is not triv-
ial and depends on the detailed understanding of the contributing processeq Thp chlculated
production cross sections together with the parameters of the experiment, accelerator and
spectrometer are the basis for realistic estimations.

The present experiments also provide valuable information on the production of neutron-
rich isotopes in fission reactions of heavy non-stable nuclei. The fission reactions of heavy
actinides like *Am or ***Cm would lead to the production of more neutron-rich isotopes than
the ones produced with ?*2U. In contrast, in these heavier systems, the shell effects governing
the asymmetric mass distribution of fission residues would reduce the production of neutron-
rich isotopes of lighter elements.

The production rates of neutron-rich isotopes obtained with these reactions could be evalu-
ated by extrapolating the knowledge acquired from the investigations presented in this work.
The direct measurement of the production yields in these reactions using heavier projectiles
represents a more ambitious option.

7.2 Incineration of minor actinides

A second domain of application of these experiments is related with the incineration of mi-
nor actinides produced in nuclear reactors or stored in nuclear weapons. Recently, it was pro-
posed to partially transmute these radioactive residues by using subcritical devices fed with a
spallation neutron source [46]. The reliability of such devices relies on a precise knowledge of
the nuclear reactions involved in its operation.

Although the incinerafior] process of actinides is governed by the neutron-capture and fis-
sion cross sections, the knowledge on mass and charge distributions of the fission residues
induced by fast neutrons on actinides is needed, too. These distributions will determine the
production rates of secondary long-lived fission residues. Some of the systems to be investi-
gates are: U, 2°U, Z'Np, Z#pu, “*Am, *"Am, 2®Am, *Cm, *Cm, ““*Cm. Together with
the incineration of minor actinides, it has also been proposed to use the thorium-cycle for en-
ergy production [47]. The radioactive inventory produced with this fuel will depend on the
characteristics of the residues produced in the fission of thorium and protactinium isotopes.

Once more, the knowledge acquired in the fission experiments with secondary beams can
be used directly for the thorium cycle or extrapolated to investigate the incineration of minor
actinides. In fact, this experiment allowed to validate the model calculations presented in sec-
tion 5.2. These calculations can be applied to describe the mass and charge distributions of
residues produced in fast-neutron-induced fission reactions. In Fig. 13, we compare some
mass distributions of residues produced in fission reactions induced by fast neutrons and pro-
tons. The calculated distributions provide a good description of the measured data.

It would be even more interesting to measure the mass and charge distributions of the resi-
dues produced in these reactions directly. Unfortunately, when we compare with our present
experiments, two main difficulties should be overcome: the production of actinides to be in-
vestigated at relativistic energies and a better determination of the excitation energy. The first
difficulty can be overcome partially by using charge pickup or charge exchange reactions of
28 at relativistic energies [48]. These reactions would allow to investigate the fission proc-

[]
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ess in some neptunium isotopes with the present technique. A better determination of the ex-
citation energy would require an improved experimental technique as considered below.
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Figure 13: Mass distributions of residues produced in fission reactions induced by fast neu-
trons and protons. The data, refs. [49,50,51,52], are compared with the model calculations

described in section 5.2.
HiEEN

8. FUTURE TRENDS FOR FISSION EXPERIMENTSWITH SECONDARY BEAMS

In spite of the success of the experiment presented in this paper, several improvements are
conceivable in the future. We will first present a scenario which seems to be in reach by com-
bining elaborate experimental equipment which has already been used in other experiments.
The second, even more ambitious scenario will require important new installations.
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The experimental technique employed so far for the fission studies did allow to measure
the element distribution of the fission fragments and their velocities, by measuring the energy
loss in an ionisation chamber and the time of flight of the fission fragments. The logica con-
tinuation of the experimental method is to perform an experiment which is approaching kin-
ematical completeness by measuring the mass of the fission fragments the multiplicity of the
neutrons evaporated and the sum-energy of the emitted gamma-rays. This requires a magnetic
dipole spectrometer set up with a large-area neutron detector (LAND) and a detector system
for determining the velocity of the fission fragments, e.g. a Cerenkov counter. The required
resolution in magnetic rigidity is Bo/ABp = 300. Figure 14 shows a scenario at GSI, that till
contains quite some experimental challenges, which cannot be discussed here in detail. The
new aspects of fission accessible with this kind of setup are, that now one can study the influ-
ence of protons and neutrons separately. By knowing the excitation energy of the final prod-
ucts one can get a hold on the temperature dependence of fission dynamics.

Compared to the previous experiments performed directly behind the FRS, the additional
knowledge of the mass number of the fission fragments better defines the influence of shell
structure in both neutron and proton number, in particular in charge polarisation. Also, the
studies on fluctuations in the charge polarisation, interpreted as an interplay of quantum oscil-
lations and collective motion, can be extended to lighter fissioning systems. New results on
the dynamic evolution of the fissioning system from saddle to scission are expected in a par-
ticularly interesting region of multimodal fission.

MUSIC

fragments

Cerenlkov
target area :
L=
T — 7
K X

sECondary AE X —
bearms from Dhpole
FRS

magnet LAND

Fig. 14: Schematic drawing of a next-generation fission experiment with secondary beams.

The use of high-energetic secondary beams for the fission experiments requires the use of
inverse-kinematic techniques. This brings along a number of advantages. Probably the most
important one is the excellent Z resolution achieved. However, the electromagnetic excitation
which has been chosen due to its large cross section induces a rather broad excitation-energy
distribution. Therefore, one is interested to apply a more specific excitation mechanism. A
possible solution of this problem could be provided by an electron-ion collider where the sec-
ondary projectiles are excited by inelastic electron scattering [53]. However, the complexity
of such an experimental set up will be enormous. In particularl_t._hr construction of an adapted

18



electron spectrometer will be a difficult task. Very high beam intensities will be required in
order to reach the necessary luminosity.

9. SUMMARY

Nuclear fission is a unique laboratory for studying the dynamical properties of cold nuclel.
There are two essential very specific features which are not found in other systems. Firstly,
the electric charge in nuclel is homogeneoudly distributed over the whole volume. This gives
rise to a“true’ fission process which is essentially symmetric. Shell effects modulate this fea-
ture. Secondly, cold nuclei are two-component superfluid systems. This gives rise to particu-
larly complex featuresin pair breaking which are not yet fully explored.

Experiments with secondary beams using elaborate experimental installations available at
GSI opened up new possibilities for experimental studies of nuclear fission. Element yields
and total kinetic energies have been determined for 70 fissioning systems from 2®At to 2*U.
This way, new systematic results for a continuous region of fissioning systems have been ob-
tained. The new results are consistent with statistical concepts to an astonishingly high de-
gree. Thisalso holds for even-odd structures in neutrons and protons if the quasi-particle exci-
tations are properly calculated. Although the full understanding of the dynamics of fission is
still missing, one came closer to a quantitative description of structure effectsin fission.

Besides the scientific interest in a better understanding of the influence of nuclear structure
on a large-amplitude collective motion, several applications like the production of neutron-
rich secondary projectiles in next-generation secondary-beam facilities and the design of de-
vices for the incineration of nuclear waste profit from the better experimental knowledge on
nuclear fission brought about by the fission experiments with secondary beams.

In the future, the use of more elaborate experimental equipment which is even better
adapted to the specific conditions of inverse kinematics will allow to obtain kinematically
more complete information about the nuclear-fission process for nuclei far from stability.
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